Abstract
========

Introduction
============

The role of Fc glycans on IgG molecules as well as novel IgG formats such as half-body molecules, dual variable domain molecules (DVDs) and Fc fusion proteins is much studied by the biotechnology industry. Interest in Fc glycans involves two major topics: (1) the well-established role of Fc glycans in antibody dependent cell-mediated cytotoxicity (ADCC)[@R1] and complement dependent cytotoxicity (CDC),[@R2] and (2) inference from studies demonstrating that glycoproteins in circulation are cleared much faster as a result of glycoreceptors such as the asialoglycoprotein receptor that binds terminal galactose residues[@R3]^-^[@R5] or mannose receptors that bind terminal mannose and N-acetylglucosamine residues.[@R6]^-^[@R8]

The N-linked Fc glycans present on IgG molecules are of the biantennary complex type composed of a core heptasaccharide structure with various sugars added to the core. The major species are classified into two groups ([Fig. 1](#F1){ref-type="fig"}): the oligomannose type structures (M5, M6 and M7) and the fucosylated bianntenary oligosaccharide (FBO) type structures (NGA2F, NA1F, NA2F, NA1F-GlcNAc and NGA2F-GlcNAc). These glycans are partially buried in the CH2 domain, which may limit their exposure to serum glycoreceptors.[@R9] As summarized in [Table 1](#T1){ref-type="table"}, the results of many studies that evaluate the impact of Fc glycans on clearance are conflicting.[@R10]^-^[@R19] The approaches are varied. For example, Fc glycan species may be enriched (enzymatically, genetically or via inhibitors added during cell culture) prior to administration. This approach has limitations because of the assumption that the only change in the molecule during enrichment is the glycan structure, and because the studies are limited to non-clinical settings. In a second approach, the total glycan pool is studied after administration. We used this approach in the present study because it permitted studies of a human IgG1 molecule (mAb-1) in a human pharmacokinetics (PK) study. The molecule was well-characterized at the primary, secondary and tertiary structure and the glycan profile was obtained using a qualified normal phase high performance liquid chromatography (HPLC) assay of 2-AB labeled glycans. To enhance the validity of the current study, we qualified the HPLC glycan assay at a limit of quantitation (LOQ) of 5 μg in a buffer matrix. We also qualified a ligand-based affinity method that was used to recover mAb-1 from serum and obtained the glycan profile at a lower LOQ (LLOQ) of 15 μg/mL. Both A280 readings and a weak ion exchange (IEX) chromatography method were used to ensure complete recovery of all species from serum; the IEX method provided a recognizable fingerprint of the molecule after recovery from serum.

![**Figure 1.** Fc glycans observed on antibodies. Symbol nomenclature was adopted from the Consortium for Functional Glycomics. The nomenclature used for complex and oligomannose species are NA1F (Gal-1, G1), NA2F (Gal-2, G2), NGA2F (Gal-0, G0), Mann-5, Mann-6, Mann-7 (M5, M6, M7 or Oligomannose-5,6,7).](mabs-4-509-g1){#F1}

###### **Table 1.** Summary of studies to evaluate influence of the Fc glycan structure on serum clearance

  Author(s)                   Antibody                      Fc glycan studied                                  Host                Effect on clearance
  --------------------------- ----------------------------- -------------------------------------------------- ------------------- -------------------------------------------------------------------
  Goetze et al.[@R10]         Human                         Oligomannoses                                      Human               Oligomannoses rapidly cleared
  Chen et al.[@R11]           Human                         All glycans                                        Human               No impact on clearance
  Jones et al.[@R12]          Fusion Fc with TNF receptor   Terminal N-acetyl-glucosamine                      Human/cyno monkey   Terminal N-acetyl glucosamine is rapidly cleared
  Keck et al.[@R13]           Fusion Fc with TNF receptor   Terminal N-acetyl glucosamine                      Human               Terminal N-acetyl glucosamine is rapidly cleared
  Wright and Morrison[@R14]   Chimeric mouse/human          Oligomannoses                                      Mice                Oligomannoses rapidly cleared
  Kanda et al.[@R15]          Chimeric mouse/human          Fucosylated vs non-fucosylated and oligomannoses   Mice                Oligomannoses rapidly cleared. No difference between fucosylation
  Zhou et al.[@R16]           Human                         Non-fucosylated oligomannoses                      Mice                No impact on clearance
  Millward et al.[@R17]       Human                         Complex or high mannose enrichment                 Mice                No impact on clearance
  Newkirk et al.[@R18]        Mice                          G0 (NGA2F) vs. NA2F                                Mice                G0 has longer half-life
  Wawrzynczak et al.[@R19]    Mouse                         Aglycosylated vs glycosylated                      Rat                 Aglycosyl is rapidly cleared

Using qualified assays, we concluded that the oligomannose species were cleared at a faster rate than the FBOs. Serum α-1,2 mannosidases were found to have some role in the conversion of M6 and M7 species to M5 and, as observed in a previous report,[@R10] we found a slight elevation in M5 species at 6 h. However, the level of M5 then rapidly declined over 14 d; the rate of clearance was estimated to be 40% higher when compared with fucosylated biantennary species. Our studies parallel the observations of Goetze et al.[@R10] that high mannose species should be considered an important product quality attribute as they may affect PK of the therapeutic antibody. Recent guidance from the United States Food and Drug Administration for demonstrating biosimilarity to a reference product emphasize that totality of evidence includes not only analytical comparability, but also clinically relevant studies to assess PK and pharmacodynamics of the biosimilar.[@R20]^-^[@R22] As described here, we applied rigorous analytical methods on a well-characterized IgG1 molecule to recover and analyze glycans from a clinical PK study. Such types of studies are recommended for other post-translational modifications when comparing reference and biosimilar molecules.

Results
=======

Concentration of mAb-1 from clinical study
------------------------------------------

mAb-1, a human IgG1 molecule, was administered intravenously (IV) to 15 healthy subjects. Each volunteer was given a single dose of 700 mg IV and sufficient blood was then collected at various time points (days): pre-dose, 0.25, 0.5, 1, 1.5, 2, 3, 5, 7, 10, 14, 21, 28, 35, and 56 d. [Table 2](#T2){ref-type="table"} summarizes the PK results of mAb-1 concentration (μg/mL), obtained using an ECL based method, through week 4. The average serum concentration at day 10 is 34 μg/mL and by day 14 is about 23 μg/mL. The challenge in this study was to qualify assays that could (a) robustly recover mAb-1 from serum at day 14 without interfering species; and (b) enable reliable analysis of glycan species released from mAb-1.

###### **Table 2.** mAb-1 concentrations (µg/mL) measured at time intervals post-dose through week 4 in 15 healthy subjects (1--15)

  Volunteer   1       2       3       4       5       6       7       8       9       10      11      12      13      14      15
  ----------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- -------
  **0.5 h**   267.8   167.1   174.9   167.5   185.5   377.0   596.3   449.5   495.7   493.6   212.4   371.0   286.8   313.4   485.6
  **6 h**     241.0   131.4   143.9   144.0   150.0   250.9   518.5   299.3   408.9   366.2   266.8   328.9   240.7   257.4   367.0
  **12 h**    227.3   116.9   129.7   124.4   158.7   359.7   455.2   344.7   204.1   284.6   216.9   303.4   200.7   261.4   128.6
  **24 h**    159.7   93.6    91.9    119.0   132.6   256.9   288.5   222.3   202.0   158.0   200.0   212.9   165.9   200.2   237.8
  **36 h**    151.7   90.5    85.7    97.2    83.2    122.8   259.3   171.4   192.1   192.1   161.0   250.5   140.0   144.2   187.2
  **48 h**    88.2    82.6    89.0    75.1    80.3    139.4   175.1   187.5   104.4   141.2   107.4   163.6   121.0   143.2   123.5
  **72 h**    66.1    51.4    56.6    60.0    65.4    88.1    140.9   112.6   125.5   98.0    115.8   116.0   83.4    92.7    60.9
  **120 h**   46.1    38.3    52.1    49.5    56.3    63.9    110.5   82.9    79.5    51.1    82.9    67.5    37.7    67.4    35.9
  **168 h**   36.4    44.5    25.2    20.1    41.7    48.9    91.0    67.8    55.8    25.9    51.3    62.8    41.3    61.6    21.9
  **240 h**   27.3    17.7    \*NS    13.5    26.8    27.2    104.6   41.6    37.4    27.3    34.5    34.0    27.2    46.4    14.3
  **336 h**   14.4    12.3    12.5    8.9     25.0    21.1    56.7    29.8    38.3    15.4    33.4    22.2    16.7    28.3    11.3
  **504 h**   \*NS    6.6     6.8     4.9     7.0     5.6     24.1    10.5    4.6     4.3     9.5     5.7     4.4     8.1     6.5
  **672 h**   4.2     5.2     3.7     3.0     4.0     3.6     17.0    5.1     7.6     3.0     5.7     3.3     3.2     5.7     3.8

NS = No sample

Recovery from serum
-------------------

A weak cation exchange chromatography (WCX-10) method was used to evaluate antigen based affinity recovery of mAb-1 from serum. The method is highly resolving and provides a recognizable fingerprint of the molecule. The acidic region of mAb-1 is composed of poorly resolved species that elute in the first 10 min and are \~5% of the overall IEX profile. The relative area percentage of acidic, main isoform and basic regions from 10 to 30 μg are fairly consistent; however, the ability to integrate the acidic region is lost at around 5 μg ([Table S1](#SUP1){ref-type="supplementary-material"}). The overall IEX profile of mAb-1 recovered from serum was comparable to that of mAb-1 recovered from formulation buffer and non-spiked mAb-1 ([Fig. 3](#F3){ref-type="fig"}). An overlay of the acidic regions showed similar profiles and the relative area percentage of the acidic, basic and main isoform species were also found to be comparable ([Table S1](#SUP1){ref-type="supplementary-material"}). From these results, we concluded that the antigen affinity resin consistently recovered all species observed on an IEX chromatogram.

![**Figure 3.** Overlay of IEX profile. Weak cation exchange method was used to evaluate antigen-based affinity recovery of mAb-1 from serum. An overlay of eluted mAb-1 recovered from serum showed similar profile to mAb-1 recovered from formulation buffer. Zooming into acidic region also showed similar recovery of different species.](mabs-4-509-g3){#F3}

An absorbance reading at 280 nm (A280) of total protein eluted from the affinity resin was also evaluated. Both the IEX method and A280 measurement revealed consistent protein recovery from 5 separate studies ([Table S2](#SUP1){ref-type="supplementary-material"}). While the A280 measurement measures total protein, the IEX method preserved the unique fingerprint of mAb-1, supporting consistent recovery of the majority of species.

Fragmentation in the hinge region of IgG molecules is typically observed during long-term storage or at elevated temperature. Loss of one of the Fab arms results in a fragment species (Fragment 2) that was purified by size exclusion chromatography from a stability sample. This species was spiked into serum and then incubated with affinity resin for 1 h. The resin was washed and eluted as described in the methods section and the eluate evaluated by IEX chromatography. Fragment 2 elutes in the early portion of the acidic region and its overall recovery from serum was estimated to be about 93% (data not shown). From these studies, we concluded that the antigen affinity resin effectively recovered mAb-1 with just one antigen binding arm.

Qualification of 2-Aminobenzamide NPHPLC oligosaccharide assay
--------------------------------------------------------------

Normal phase HPLC is a well-established method for separating oligosaccharides. The functional groups that aid in this separation have included diethylaminoethyl,[@R23]^-^[@R25] imide[@R26] and amide[@R27]^,^[@R28] groups. Guile et al.[@R29] in a landmark publication exploited the use of an acetonitrile:water gradient buffered with volatile salts to resolve different sugars on a silica based column with amide functional groups. Derivatization of sugars with the fluorescent label 2-aminobenzamide (2-AB) increased the sensitivity of the method. It is this combination of high resolution, improved sensitivity of detection, reproducibility, accurate prediction of glucose units and most importantly, quantitative responsiveness that resulted in many laboratories adopting this method for routine monitoring and for setting release specifications for oligosaccharides in quality control laboratories.

The first step, before labeling oligosaccharides with 2-AB, is enzymatic release of the sugars using the endoglycosidase, PNGase-F. When the quantity of available protein is not limiting, the standard method uses as much as 400 μg of antibody and 8 μL of enzyme (1:50 fold enzyme:protein ratio). In this clearance study, however, the method must quantify glycans after digesting low levels of protein; for example, by post-dose day 14 serum mAb-1 was \~20 μg/mL. We investigated glycan profiles obtained from digesting mAb-1 in the 1 to 10 μg range with and without use of a speed vacuum centrifugation step after the GlycoClean S step. While the speed vacuum step permitted analysis below 5 μg of mAb-1 (data not shown), we proceeded to qualify the oligosaccharide assay from 5 to 100 μgs of mAb-1 without the additional vacuum step; thereby minimizing sample handling. The antibody:enzyme ratio was also altered from the original protocol and details are provided in the Methods section. The relative percentage area of glycans that were enzymatically released from 5 to 100 μg of mAb-1 is consistent ([Table S3](#SUP1){ref-type="supplementary-material"}). Three different evaluations found excellent repeatability of the total area of individual peaks when 5 μgs of mAb-1 was digested ([Tables S4 and S5](#SUP1){ref-type="supplementary-material"}).

Pooling of serum from healthy human donors
------------------------------------------

mAb-1 was recovered from serum using the antibody's ligand that was cross-linked to Sepharose beads. The isolation method developed to recover mAb-1 from serum was optimized using rat serum and the glycan profile of mAb-1 recovered from serum was comparable to mAb-1 analyzed in buffer (results not shown).

We then evaluated recovery of mAb-1 spiked into human serum. A serum lot (BRH235934) was obtained from pooling serum from 10 healthy donors. This pooled serum was evaluated for non-specific binding by adding affinity resin (60 μL) into 1 mL of serum and incubating for 1 h at room temperature. The resin was washed and eluted as described in the methods section. The eluate was then analyzed both by measuring absorbance at 280 nm and oligosaccharide profiling. A280 measurements from 3 separate analyses of pooled serum found low non-specific binding of serum proteins to the resin ([Table S6](#SUP1){ref-type="supplementary-material"}).

Serum from ten donors was also obtained from Biological Specialty Corporation for creating a large "pooled" serum lot that was eventually used as a diluent for the clinical samples. Of the 10 donor serums, eight were evaluated for non-specific binding to the resin (55--21155A, 23--06358A, 55--20697A, 23--06438A, 55--20785A, 55--21019A, 23--07267A, and 23--06655A). The individual donor serums were first thawed at 4°C and then spun using the SS-34 rotor for 30 min at 16,000 rpm. Each of the serums was evaluated for non-specific binding by spiking the antigen affinity resin into 1 mL of serum. The resin was washed and eluted as described in the Methods section and the eluate was then evaluated by obtaining A280 readings ([Table S7](#SUP1){ref-type="supplementary-material"}). Donor serum 23--06655A had high non-specific binding and was not used in the pooled serum. To create the final "pooled" serum lot that was used as a diluent for the clinical samples; we combined about 30 mL of each of the remainder donor serums.

Lower limit of quantitation for mAb-1 recovery and glycan analysis
------------------------------------------------------------------

The average serum concentration of mAb-1 at day 14 was \~20 μg/mL. The lower limit of quantitation (LLOQ) for recovering and analyzing glycans released from mAb-1 was obtained by spiking in triplicate 15, 20 or 25 μg/mL into the pooled serum lot. A handling control, where mAb-1 was just spiked into 1 mL of formulation buffer and concentrated using a 30,000 MWCO concentrator was evaluated in parallel to account for losses brought about by handling. Three blank serums were also included as controls.

The eluted samples were analyzed by A280 and 2-AB oligosaccharide analysis ([Table 3](#T3){ref-type="table"}). The blank pooled serum samples showed very little background contribution (data not shown). The percent results for each of the individual glycans from the spike and recovery experiment were consistent between the triplicate samples. The % CVs for all the major glycans NGA2F, M5, NA1F total and NA2F were ≤ 10% for all the 3 spikes. For the minor glycans, the % CVs were higher (≤ 36%) due to the low abundance of these glycans in mAb-1. With these results we proceeded to qualify the assay at an LOQ of 15 μg/mL - this permitted analysis of the clinical samples out to day 14 post-dose. The % CV for all major glycans was less than 11%.

###### **Table 3.** mAb-1 spike and recovery from serum. mAb-1 was spiked in triplicate into serum at 25, 20 and 15 μg/mL. mAb-1 was recovered from serum and the eluted samples were analyzed by 2-AB oligosaccharide analysis. The % CVs for all the major glycans NGA2F, M5, NA1F total and NA2F were ≤ 10% for all the 3 spikes. For the minor glycans, the % CVs were higher (≤ 36%) due to the low abundance of these glycans

  -------------------------------------------------------------------------------------------------------------------------------------
                                  NGA2F-GlcNAc   NGA2F   M5     NA1F-GlcNAc   NA1F total   M6      NA2F    M7      Total Oligomannose
  ------------------------------- -------------- ------- ------ ------------- ------------ ------- ------- ------- --------------------
  Pooled serum spike\             3.11           50.21   5.49   3.04          26.35        2.03    4.61    0.33    7.85
  (25 μg/mL)                                                                                                       

  SD                              0.13           0.26    0.09   0.44          0.41         0.28    0.14    0.03    0.23

  \% CV                           4.13           0.51    1.63   14.51         1.56         13.53   2.96    9.35    2.97

                                                                                                                    

  Pooled serum spike (20 μg/mL)   3.21           51.8    4.69   4.52          23.95        2.39    3.31    0.36    7.44

  SD                              0.03           0.66    0.18   0.39          0.35         0.28    0.25    0.13    0.5

  \% CV                           0.82           1.28    3.88   8.61          1.46         11.7    7.55    35.46   6.77

                                                                                                                    

  Pooled serum spike (15 μg/mL)   3.52           51.71   4.67   5.09          23.14        2.71    3.22    0.51    7.89

  SD                              0.04           0.5     0.25   0.26          0.28         0.78    0.33    0.11    0.93

  \% CV                           1.21           0.97    5.45   5.15          1.19         29.02   10.34   22.18   11.75
  -------------------------------------------------------------------------------------------------------------------------------------

Qualification of assay for recovery and glycan analysis at 15 μg/mL
-------------------------------------------------------------------

The qualification of recovery of mAb-1 from serum and 2-AB oligosaccharide analysis was performed as described in [Table 4](#T4){ref-type="table"}. The glycans monitored in this study were NGA2F-GlcNAc, NGA2F, M5, NA1F-GlcNAc, NA1F, M6, NA2F, M7 and total oligomannose. The assay's acceptance criterion was established using glycans NGA2F, total NA1F and M5 (consisting of greater than 80% of the total glycans of the mAb-1). [Table 5](#T5){ref-type="table"} summarizes the total standard deviation (SD) and % CV based on variance component analysis of these data. To have high confidence that limits would not be exceeded by analytical variance alone, limits were typically set at or beyond the grand mean ± 3x total SD. Because only nine results were available, Monte-Carlo simulations were also performed on the 3 most abundant glycans (NGA2F, NA1F total and M5) to predict the probability of exceeding the assays acceptance criteria. Monte Carlo simulations supported using the most abundant glycan (NGA2F) for deciding whether to reject an analysis. A range of ± 20% around the mean value of NGA2F (54.09%) would be exceeded only 0.1% of the time simply by chance alone and not due to an assay failure.

###### **Table 4.** Design of experiment for qualification of recovery of mAb-1 from serum and 2-AB oligosaccharide analysis

  ---------------------- ---------------------------------------------------
  **Experiment (x3):**   1 handling control at 15 μg/mL of mAb-1\
                         3 pooled serum blanks\
                         3 pooled serums spiked with 15 μg/mL of mAb-1\
                         6 individual serum blanks\
                         6 individual serums spiked with 15 μg/mL of mAb-1

  ---------------------- ---------------------------------------------------

###### **Table 5.** Results from 3 separate experiments quantifying glycans recovered from pooled serum spiked with 15 ug/mL of mAb-1 (results are expressed as percentage of total peak area)

  -----------------------------------------------------
  Experiment\      Repeat   NGA2F   NA1F total   M5
  number                                         
  ---------------- -------- ------- ------------ ------
  1                1        54.91   23.27        4.56

  1                2        53.77   22.39        5.07

  1                3        54.02   23.56        4.94

  2                1        53.72   26.10        6.14

  2                2        54.09   26.02        5.63

  2                3        53.54   25.65        6.21

  3                1        54.03   23.21        4.66

  3                2        54.72   24.24        5.10

  3                3        54.04   23.00        4.72

  **Grand Mean**            54.09   24.16        5.23

  **Total SD**              0.45    1.60         0.70

  **Total % CV**            0.8     6.6          13.4
  -----------------------------------------------------

In vitro incubation of mAb-1
----------------------------

Chen et al.[@R11] revealed a role of serum mannosidases (mannosidase I) with specificity for α-1,2-mannose linkage observed in the high mannose species (M6-M9). We replicated these studies by spiking mAb-1 into pooled human serum and incubating for 96 h at 37°C. At various time points, we recovered mAb-1 and evaluated glycan levels. As shown in [Figure 4](#F4){ref-type="fig"}, we confirmed that the high mannose species (M6 and M7) were indeed cleaved in serum and that this cleavage could be blocked with the mannosidase I inhibitor, kifunensine (data not shown). In contrast, M5 levels were found to increase, presumably as a result of cleavage of the high mannose species (M6 and M7) to the M5 species. Decrease of the M6-M7 species and increase in M5 species was also confirmed by mass spectrometry analysis. Other low oligomannose species (M3-M4) were not detected (data not shown).

![**Figure 4.** Evaluation of mannosidase activity following in vitro serum incubation studies. mAb-1 was spiked into pooled human serum and at various time points (24 and 96 hours) recovered and the glycans analyzed. As shown in [Figure 4B](#F4){ref-type="fig"} and [4C](#F4){ref-type="fig"}, the level of high mannose species (M6 and M7) was reduced within 24 hours of incubation in serum. In contrast, M5 levels increased over the same time period ([Fig. 4A](#F4){ref-type="fig"}); presumably as a result of enzymatic cleavage (mannosidases) of M6 and M7 to the M5 species.](mabs-4-509-g4){#F4}

Analysis of glycans from clinical study samples
-----------------------------------------------

[Table 2](#T2){ref-type="table"} summarizes the mAb-1 concentrations results (μg/mL) from 15 min post-dose through 4 weeks thereafter from the clinical study. Based on the provided mAb-1 (μg/mL) concentrations, samples were diluted with pooled serum (see section on pooled donor serum) to 25 μg/mL prior to recovery by affinity chromatography. Samples with mAb-1 concentrations less than 25 μg/mL were purified neat. After affinity recovery, samples were analyzed by 2-AB oligosaccharide analysis. The glycan profile after separation by normal phase HPLC of volunteer-5 at t = 0.5 h (mAb-1 concentration in serum was 185.5 μg/mL) and t = 168 h (mAb-1 concentration in serum was 41.7 μg/mL) is shown in [Figure 5](#F5){ref-type="fig"}.

![**Figure 5.** Glycan profile of mAb-1 separated by normal phase-HPLC after recovery from serum of healthy volunteer. Shown in [Figure 5A](#F5){ref-type="fig"} is the glycan profile of volunteer \#5 at t=0.5 hrs (mAb-1 concentration in serum was 185.5 μg/mL) and in [Figure 5B](#F5){ref-type="fig"} at t=168 hrs (mAb-1 concentration in serum was 41.7 μg/mL). Samples were diluted with pooled serum to 25 μg/mL prior to recovery by affinity chromatography and analysis by 2-AB oligosaccharide assay.](mabs-4-509-g5){#F5}

The profile of all glycans monitored from donor samples is shown in [Figure 6](#F6){ref-type="fig"}. To better illustrate trending, the average of the 15 donor samples of the major FBO (NGA2F) is shown in [Figure 7](#F7){ref-type="fig"} and the most abundant oligomannose (M5) is shown in [Figure 8](#F8){ref-type="fig"}. The results showed that levels of the FBOs (NGA2F, NA2F and NA1F) remained fairly consistent over 14 d. The levels of M5 were found to initially increase in the first 6 h, presumably as a result of mannosidase activity on the high mannose species (M6-M9). After 6 h, the levels of M5 were found to rapidly decrease to the observed 40% decrease in M5 by day 14 ([Fig. 8](#F8){ref-type="fig"}).

![**Figure 6.** Mean percentage of glycan species of mAb-1 in serum following single dose administration in healthy individuals.](mabs-4-509-g6){#F6}

![**Figure 7.** Average NGA2F fraction of mAb-1 in serum from 15 volunteers. The levels of NGA2F were found to remain fairly constant over 336 Hours (14 days).](mabs-4-509-g7){#F7}

![**Figure 8.** Average M5 fraction of mAb-1 in serum from 15 volunteers. The levels of M5 were found to initially increase in the first 6 hours, presumably as a result of mannosidase activity on the high mannose species (M6-M9). After 6 hours, the levels of M5 were found to rapidly decrease. There was about a 40% decrease in M5 by day 14.](mabs-4-509-g8){#F8}

Discussion
==========

The Fc glycans found on recombinant antibodies expressed in Chinese hamster ovary (CHO) cells are predominantly biantennary fucosylated neutral glycans with either zero galactose (Gal-0 or G0F), one galactose (Gal-1 or G1F) or two galactose (Gal-2 or G2F) residues at the terminus. Varying levels of the immature high mannose species (M5-M9) are also found on the Fc site that we observed (unpublished data) can range from 1--2% to as high as 20% in some of our therapeutics in development. Interestingly, endogenous human IgG molecules are found to have trace levels (\< 0.1%) of high mannose species.[@R30] Presence of Fc oligomannose species has attracted attention because mannose receptors are known to play a role in clearance of pathogens containing mannose on their surface as well and reports have linked increased clearance of glycoproteins to high mannose content.[@R6]

A number of studies, summarized in [Table 1](#T1){ref-type="table"}, that address the impact of Fc oligomannose species on clearance are quite inconsistent. This lack of consistency stem in part from the varied technical approaches and models used to address the question.[@R31] Most of these studies, for example, are conducted in pre-clinical settings (frequently mice) with enriched species that are not rigorously characterized for other post-translational modifications that may have been introduced in the molecule. Further, the methods used for recovery and subsequent glycan characterization are not performed using qualified assays. A highly interesting study by Chen et al., in 2009[@R11] concluded that the larger (M6-M9) species are converted to M5 by serum mannosidases and that high mannose species do not affect serum clearance. In a subsequent study, using a mass spectrometry based approach; the authors conclude that high mannose species do affect serum clearance.[@R10] The discrepancy between the two studies was carefully evaluated and the conclusion was that the reverse phase method separating 2AB-labeled glycans did not adequately distinguish endogenous glycan species from the administered therapeutic.[@R10]

In the study reported here we deliberately avoided potential problems by studying a very well-characterized human antibody in a human PK study and by using assays that were qualified to both recover the therapeutic and analyze glycans at an LOQ of 15 μg/mL. Using the rigorous methodology summarized in [Figure 2](#F2){ref-type="fig"}, we were able to make two very important conclusions: (1) oligomannose species are cleared at a faster rate that FBOs and (2) clearance of FBOs are unaffected over the course of the study. Route of administration is another important consideration as mAbs can be administered either via the IV or sub-cutaneous (SC) routes. While this manuscript evaluates only administration via the IV route, Goetze et al.[@R10] observed faster elimination half-lives of the M5 containing population of an IgG2 therapeutic via both SC and IV routes. Because high mannose species could alter PK of the therapeutic, they should be considered an important quality attribute to be carefully monitored not only during manufacturing changes, but also when comparing biosimilar to reference products.

![**Figure 2.** Overview of procedure used for assay qualification and glycan analysis of samples from the clinical study.](mabs-4-509-g2){#F2}

Materials and Methods
=====================

Materials
---------

Donor human serum (Bioreclamation, NY; Biological Specialty Corporation, PA), ammonium formate, 1 N hydrochloric acid, sodium acetate, sodium chloride, acetic acid, sodium-phosphate-dibasic-heptahydrate (JT Baker, NJ), drip columns, centrifuge columns (2 mL), Amicon Ultra-4 centrifugal filter and Ultra-15 centrifugal filter devices MWCO 30,000 (Millipore, MA), Signal^TM^ 2-AB labeling kit, Enzyme, N-glycanase (PNGase F), GlycoClean^TM^ S Cartridge, guard column, GlycoSep^TM^ N Guard, (Prozyme CA), CNBr Sepharose 4FF (GE Healthcare, PA), acetonitrile HPLC grade, Triton X-100 (Sigma-Aldrich), formic acid, (EMD, PA).

Cross-linking antigen to CNBr-Sepharose (Affinity-resin)
--------------------------------------------------------

The method as described by the vendor was used. Briefly, coupling buffer was 0.1 M sodium bicarbonate, pH 8.3, containing 0.5 M sodium chloride. An aliquot (10 mg) of the antigen recognized by mAb-1 was buffer exchanged into the coupling buffer using a 30,000 MWCO concentrator (Amicon Ultra, Millipore). Then 0.5 g of the CNBr activated Sepharose 4 Fast Flow resin was washed on a table-top centrifuge at least 3 times with 30 mL of ice cold HCl between pH 2 and 3 (typically 1--4 mM of HCl was added until the right pH was obtained). After the last wash at low pH, the resin was quickly exchanged into coupling buffer. The activated resin was then quickly added to the antigen and a small aliquot taken to obtain an A280 reading. The coupling was allowed to proceed overnight (about 15 h) at 4°C and a small aliquot used to obtain an A280 reading. The percentage of cross-linked antigen was easily estimated (efficiency of ≥ 80% was acceptable). Excess ligand was washed away with coupling buffer and the reactive groups then blocked with 30 mL of 0.1 M TRIS-HCl, pH 8.0 for 3 h. The resin was finally washed alternatively with high pH (0.1 M Tris, 0.5 M NaCl, pH 8) and low pH (0.1 M acetate, 0.5 M NaCl, pH 3.8) at least 3 times using a drip column. After the final wash, the resin was suspended in 3 mL of 0.1 M Tris pH 8.0 and stored at 4°C.

Recovery of mAb-1 from serum using antigen affinity chromatography
------------------------------------------------------------------

The recovery of mAb-1 from serum was performed using antigen affinity chromatography and using drip columns. Serum was centrifuged on an Eppendorf 5418 table-top centrifuge at 15,000 rcf for 15 min prior to analysis. About 60 μL of the affinity-resin was added into 1 mL of serum and incubated on a rocking platform for 1 h. The wash conditions were 4x1 mL of wash buffer (20 mM sodium acetate, 0.25 M NaCl, pH 4.2) and elution was performed with two different buffers; elution buffer 1 (0.1 M acetic acid containing 0.15 M NaCl, pH 2.8) followed by elution buffer 2 (0.3 M acetic acid containing 0.15 M NaCl, pH 2.4). The eluates were immediately neutralized with 1 M Tris pH 7.5, then combined and finally exchanged into 50 mM sodium phosphate (pH 7.4) prior to analysis.

Evaluation of recovery by WCX-10
--------------------------------

Recovery of the mAb-1 was also evaluated by weak cation exchange chromatography (WCX-10). The amount of mAb-1 was quantified from the area under the chromatogram (AUC). Injecting different amounts of mAb-1 onto the column provided a linear curve when AUC was plotted against the concentration.

Glycan analysis using 2-AB oligosaccharide analysis
---------------------------------------------------

mAb-1 (3 - 400 μg) was digested with N-glycanase at a ratio of 1:50 (enzyme:protein) for 18 h at 37°C. If there was less than 100 μg of antibody, then 2 μL of enzyme was added to the sample for digest for accuracy of pipetting. After digestion, the sample was heated at 95°C for 10 min to precipitate the protein. The sample was spun to pellet the precipitate and the supernatant, containing the glycans, was then transferred to a microcentrifuge tube.

The samples were labeled with 2-AB (2-aminobenzamide). After labeling at 65°C for 2--3 h, impurities such as excess dye and other labeling components were removed from the samples using a Glycoclean S cartridge, which contains a membrane that retains glycans in \> 90% acetonitrile. Through a series of wash steps with multiple buffers, most hydrophobic non-glycan contaminants either pass through the membrane or are retained weakly and may be washed off. The glycans were then eluted with water. After elution, the samples were diluted 3.3X in acetonitrile to ensure binding to the normal phase column. 400 μL of each sample was injected onto a Glycosep™ N HPLC column using a Shimadzu HPLC system with fluorescent detection. Mobile phase A consisted of 100% acetonitrile and mobile phase B consisted of 50 mM ammonium formate pH 4.4. The glycans were separated using a gradient of 35% B at initial conditions to 40% B over 70 min. The gradient remained at 40% B for 20 min and then increased to 95%B over 5 min before going back to initial conditions. Flow rate was 0.4 mL/min and the column was heated at 30°C. Excitation was at 330 nm and emission was at 420 nm. Total run time was 120 min.

Measurement of total concentration of mAb-1 in serum
----------------------------------------------------

Analysis of mAb-1 concentrations in serum was performed using a validated bridging electrochemiluminescent (ECL) assay method at Intertek USA dba ALTA Analytical Laboratory, San Diego, CA. The lower limit of quantitation (LLOQ) for mAb-1 was established at 1.5 ng/mL using 1:5 dilution (7.5 ng/mL in undiluted serum).

Monte-Carlo simulations to predict the probability of exceeding the assays acceptance criteria
----------------------------------------------------------------------------------------------

Future results for the most abundant glycans (NGA2F, NA1F total and M5) could vary due to between and within experiment sources of variation. To understand this variability and set run acceptance criteria for analysis, nine assay results (3 from each of 3 experiments) were available and were used to estimate the mean and the between and within experimental variance parameters using Gibbs sampling in WinBUGS. A posterior sample from Gibbs sampling (20,000 draws) was obtained for each parameter. Future results were obtained for each draw by Monte Carlo simulation. The percent of simulated future results that exceeded the +/− 20% limits was reported for each glycan.

Supplementary Material
======================

We thank Susan Paulson, Matthew Hruska and Jeff Thomas (Project Manager at Intertek Chemicals and Pharmaceuticals) for the many discussions and contributions to this study. Gary Welch is gratefully acknowledged for his support of this project. George Avgerinos championed this study; his guidance and perseverance through various stages of the project is also gratefully acknowledged

Previously published online: [www.landesbioscience.com/journals/mabs/article/20450](http://www.landesbioscience.com/journals/mabs/article/20450/)

NA1F (Gal-1 or G1)

:   Asialo-monogalactosylated biantennary core-substituted fucose

NA2F (Gal-2 or G2)

:   Asialo-bigalactosylated biantennary core-substituted fucose

NGA2F (Gal-0 or G0)

:   Asialo-agalacto biantennary core-substituted fucose

GlcNAc

:   N, Acetylglucosamine

M5

:   M6, M7, Mann-5, Mann-6, Mann-7 or Oligomannose-5, 6, 7

PK

:   pharmacokinetics

FBO

:   fucosylated biantennary oligosaccharide

2-AB

:   2 aminobenzamide

IEX

:   ion exchange

A280

:   absorbance at 280 nm

DVD

:   dual variable domains

ADCC

:   antibody dependent cell-mediated cytotoxicity

CDC

:   cell dependent cytotoxicity

LOQ

:   limit of quantitation

WCX

:   weak cation exchange chromatography

PNGase-F, Peptide

:   N-Glycosidase F
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